Assays for the detection and typing of adenoviruses, enteroviruses and F+ specific coliphages were performed on samples created as part of a national microbial source tracking methods comparison study. The samples were created blind to the researchers, and were inoculated with a variety of types of fecal contamination source (human, sewage, dog, seagull and cow) and mixtures of sources.
INTRODUCTION
Microbial source tracking (MST) techniques have been developed in order to determine the sources of fecal pollution and pathogens that affect a particular water body or watershed. Microbial contamination of water has been determined for decades by measuring bacterial indicators in drinking water sources, recreational waters and shellfish harvesting waters. However, measurements of bacterial indicators such as total and fecal coliforms, and enterococci (a subset of the fecal streptococci) alone do not provide information relating to the source of the fecal contamination. In addition, these bacteria are not necessarily adequate predictors of human pathogenic viruses (Wyer et al. 1995; Noble & Fuhrman 2001) , which are important aetiological agents of waterborne disease.
There are several types of microbiological techniques and approaches that can be used for MST. Given that the host range of most viruses is narrow (generally limited to a single species), and that they are prevalent in sewage and fecal material, other MST techniques have been developed utilizing both pathogenic and indicator viruses as tracers of specific types of fecal contamination. An advantage of the virus-based MST methods is that they are library-independent. A disadvantage of the virus-based methods is that the relationship between the viruses and fecal indicator bacteria, which are often the targets of total maximum daily load (TMDL) implementation, is not well understood.
Human-specific viruses can potentially be used as a tracer of human fecal contamination. For example, human adenoviruses and enteroviruses have been frequently found in urban rivers associated with human fecal contamination (Tani et al. 1995; Castingnolles et al. 1998; Chapron et al. 2000) as well as in polluted coastal waters (Puig et al. 1994; Pina et al. 1998; Jiang et al. 2001) . Studies conducted in Europe have suggested using adenovirus as an index of human viral pollution since this virus has often been detected in samples contaminated with human fecal material (Pina et al. 1998) . Similarly, the human enterovirus family includes poliovirus, echovirus, and Coxsackie A and B viruses, which have been found in activated sludge, sewage outfalls, and fresh and marine waters associated with human fecal contamination (Kopecka et al. 1993; Reynolds et al. 1998; Griffin et al. 1999; Noble & Fuhrman 2001; Jiang et al. 2001) . Animal-specific viruses, such as bovine enteroviruses, have also been used to indicate the origin of animal fecal contamination (Ley et al. 2002) .
Similarly, coliphages, viruses that infect Escherichia coli, have been suggested as candidate tracers of specific types of fecal contamination (Havelaar et al. 1986) . Four genetically distinct subtypes of F + RNA coliphages have been identified and appear to be somewhat host-specific.
Types II and III are generally associated with human sources of fecal contamination, type IV is generally associated with animal sources of fecal contamination, and type I has been associated with both human and animal wastes (Furuse 1987; Hsu et al. 1995) . These viruses have been consistently isolated from domestic, hospital and slaughterhouse wastewaters (Funderburg & Sorber 1985) and from treated wastewaters (Gantzer et al. 1998) . F + RNA coliphages appear to be present in fecally polluted waters (Borrego et al. 1987 ) and did not appear to be present in non-fecally polluted waters (Toranzos et al. 1988) .
Polymerase chain reaction (PCR) and other molecular methods for genotyping viruses have become more common over the past few years. For viral pathogens, PCR methods are much more rapid than traditional cell culture methods, which are also not typically sensitive enough to be used for the detection of many types of enteric viruses.
For coliphages, genotyping is replacing serotyping, which occasionally gives ambiguous results. Direct sequence analysis, as demonstrated by this study, can also be used for identification of particular viral subtypes.
The purpose of this study was to apply some of the newly developed real-time PCR and genotyping methods to identify human-specific adenoviruses, enteroviruses and coliphages from blind samples seeded with fecal contamination from different sources. The sources included sewage, humans, dogs, seagulls and cows.
MATERIALS AND METHODS

Sample preparation
Twenty-two researchers performing 12 methods participated in the overall study (Griffith et al. 2003) . Each laboratory processed samples and conducted data analysis using its own operating procedures. There was no attempt made to standardize protocols within or across methods. et al. (2003) .
Coliphage isolation
Two methods were used for the detection of coliphages. At the NOAA laboratory all samples were analysed by the SAL method using sample volumes of 100 ml. Samples negative for F + specific coliphage by the SAL method were further tested by enrichment using 100 ml sample volumes. Standard methods were followed with a few exceptions. CaCl 2 was used to provide a divalent cation instead of MgCl 2 . For the SAL method, the 2 × base medium was prepared by combining tryptic soy agar with tryptic soy broth, retaining the recommended double strength nutrient concentrations but allowing a lower agar concentration (1.5% instead of 3%). For the enrichment procedure, a 100 ml sample volume was used instead of 1 l, with a proportional decrease in other enrichment components. This decrease was necessary because of the limited sample volumes provided during the study.
All 12 samples were analysed by both the SAL and the enrichment methods at the UNC/Sobsey laboratory.
Sample aliquots were altered for these two methods probes II and III were adopted from Beekwilder et al. (1996) while the recommended sequences for probes I and IV were retained from Hsu et al. (1995) . Identification of group II or III from water samples was scored as indicative of human source contamination. Identification of group I or IV from water samples was considered generally indicative of animal source contamination (Hsu et al. 1995) . A 10 min elongation step at 72°C completed the reaction.
The resulting 336 base pair amplicons were visualized in a 2% agarose gel stained with ethidium bromide. Primer pair JV40 and JV41 (Oudejans et al. 2003 ) is specific for the Alloleviviridae genus consisting of serogroups III and IV.
The cycling profile for the JV40/JV41 primer set was identical to the levivirus primer profile except that primer annealing occurred at 40°C. The JV40/JV41 primer pair yielded a 256 base pair amplicon.
Amplicon DNA was purified from either the RT-PCR reaction mixture or from agarose gel slices using the Qiagen QIAquick PCR Purification kit. Primers JV80 and JV40 were used in the sequencing reactions. DNA was sequenced at the UNC-CH Automated DNA Sequencing Facility on a 3100 Genetic Analyzer (Applied Biosystems, Inc.). Amplicon sequences were compared with an extensive database of F + RNA coliphage isolate sequences using a local BLAST search in order to separate levivirus amplicons into groups I and II, and allolevirus amplicons into groups III or IV.
Human pathogenic viruses
Concentration of viruses
Twelve freshwater samples were processed at the UCI laboratory. Samples A, C, E, F, G, I, K, N were concentrated from 10 l to 100 ml using a Centramate Tangential from a volume of 300 ml to 22 ml. The viral recovery with this system is comparable to the Centramate system with an average phage recovery of 60.4% (Jiang, unpublished results) . The concentrates were frozen immediately in aliquots. Viral nucleic acid was purified from concentrates using a QIAamp viral nucleic acid purification kit (Qiagen, Inc.) before PCR analysis.
At the UNC/Noble laboratory the starting volume was tenfold lower than that transported to UCI because of the proximity of the laboratories to the original sample set-up. All 24-100 ml samples were filtered with 47 mm Whatman A/E glass fibre filters at low vacuum ( < 5 mm Hg), and the filters were immediately frozen at − 80°C.
During previous recovery experiments, these filters have been found to recover 5-95% of the virus in environmental samples (Noble, unpublished data) . In order to capture all viruses in the sample, the filtrate was subsequently concentrated using either Macrosep (Pall Gelman) or Centriprep (Millipore) 30 kDa molecular weight cut-off ultraconcentration units to final volumes of 1-3.5 ml. The final concentrate was frozen immediately at − 80°C.
PCR detection of human viruses
At UCI, nested-PCR for human adenovirus was performed following the protocol of Pina et al. (1998) RT-PCR for enteroviruses was as described by Tsai et al. (1993) with a minor modification. The primers used were 59-CCTCCGGCCCCTGAATG-39 and 59-ACCGGA TGGCCAATCCAA-39, yielding a 197 bp amplicon. An internal probe 59-TACTTTGGGTGTCCGTGTTTC-39 was used for confirmation of the amplicon and to improve the sensitivity of detection. Four µl of sample were used in a 10 µl reverse transcription reaction followed by PCR using the conditions described by Tsai et al. (1993) . Amplicons were resolved on 2% agarose and transferred to nylon membrane for probe hybridization. Hybridization was carried out overnight at 44°C with triple membrane washing at room temperature in a solution containing 6 × SSC, 1% SDS and 0.05% sodium pyrophosphate, followed with two washes at 55°C for 1 h each.
Real-time quantitative PCR detection of human adenovirus 40 and enterovirus
Real-time quantitative PCR detection of adenovirus 40
(AD40) was performed on the 12 freshwater samples at UCI. The PCR primers and Taqman ® probe were those presented by Dezfulian et al. (2003) . This set of primers and probe is specific to AD40 based on a similarity search algorithm (BLAST).
PCR Samples and standards were run in duplicate. 
RESULTS
Coliphage analysis
Coliphage enumeration
All 12 (100%) of the freshwater samples were positive for somatic coliphage, at concentrations ranging from 10 2 to 10 5 per 100 ml (Table 1a) . F + specific coliphage concentrations ranged from < 1 to 2.5 × 10 3 per 100 ml in the tested freshwater samples. Five of 12 (42%) freshwater samples were positive for F + specific coliphage using the SAL method (Table 1a) . The enrichment technique identified an additional two samples that were positive for F + coliphage. F + specific RNA coliphage were identified from six of the eight (75%) samples positive for F + specific coliphage (sample C was positive for F + specific coliphage by UNC/Sobsey, Table 1a ). All 12 of the mixed matrix samples were also positive for somatic coliphage (Table 1b) . Six of the 12 mixed matrix samples were positive as determined using the enrichment technique (Table 1b) .
Coliphage characterization by genotyping
Genotyping was performed for all samples positive for F + RNA coliphages, including 5 of 12 (42%) freshwater samples and 4 of 12 (33%) matrix samples (Table 2a and   b) . Among the freshwater samples, A, J, N and P contained group II and/or III coliphages, suggesting the samples had been seeded with a human source of fecal contamination.
Only one coliphage was isolated from sample K. This isolate typed as group I suggesting that the sample had been seeded with animal source fecal contamination.
Comparison of blind results with the contaminants key showed that F + RNA coliphages had been isolated from four of four (100%) samples seeded with sewage (A, J, K and N), and that a human source designation had been accurately made for three (75%) of them. The fourth sample for which a human source designation was made (P) had been seeded with cow and gull fecal material. Type III coliphages were isolated from the gull feces provided during this study (Table 3) (Table 2a) . This is probably because the number of adenoviruses in this sample was below the detection limit, or because the individual humans that yielded the fecal material were not infected with adenoviruses.
Enteroviruses
At UCI, three of four (75%) samples that contained sewage were positive for enteroviruses using conventional RT-PCR, which corresponded to samples that had been inoculated solely with human sewage (A and K) and a sample containing sewage, dog and cattle feces (J, Table   2a ). None of the samples that contained individual human fecal contamination was positive for enteroviruses. However, there were several samples (L, N, P) that yielded inconclusive results, one (L) that contained human feces, and the other two which did not contain any human feces or sewage. At the UNC/Noble lab, no enteroviruses were 
DISCUSSION
Coliphage analysis
The inability to culture F + RNA coliphages from 6 of 12 freshwater samples is probably explained by an apparent absence of these viruses in most of the known source samples used to seed study waters (Table 1a, Table 3 ). It is known that coliphages, as with most enteric viruses, are only harboured by a proportion of individuals within a population. F + RNA coliphages are reportedly isolated in less than 10% of human fecal samples and at variable rates in non-human animal feces (Havelaar et al. 1986; Cornax et al. 1994; Calci et al. 1998) . Exceptions to the associations of coliphage types with particular host sources, groups II and III with humans and groups I and IV with animals, have been reported (Schaper et al. 2002; Stewart 2002) . The identification of group III coliphages associated with gull feces during this study provided further evidence of these exceptions. The general associations appear to be statistically significant (Schaper et al. 2002) , and use of this method has proved useful to resource managers (Stewart 2002) . It must be understood, however, that designations by phage typing are not absolute, and empirical studies to verify categorization of coliphage groups should be conducted in each study.
Pathogen analysis
Adenovirus results That is, the genotype to which a virus belongs does not change appreciably with time or varying environmental conditions. These details make viral analysis an appropriate and valuable addition to the MST toolbox.
